Electron-phonon coupling has been proposed 1 and analyzed to play a key factor for the observed high T c value 5, 9, 10 . While the in-consistency in the T c values needs to be clarified, more importantly, the superconducting nature of the phase transition needs to be understood comprehensively by using different experimental methods 11 .
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As a powerful means to investigate ultrafast dynamics of excited states, gap-perceptive ultrafast spectroscopy provides information on comprehensive interactions among the quasiparticles and various excitations, such as electron-phonon (e-ph) coupling, and has been used to probe and control novel quantum materials and superconductors [12] [13] [14] [15] [16] [17] . In this work, we apply ultrafast spectroscopy (see Methods) to 1UC FeSe/STO system, where we demonstrate that it is single-layer sensitive. The superconducting (SC) T c value, e-ph coupling strength λ, SC energy gap Δ(T), density of thermal electrons n th , as well as electron temperature T e have been obtained.
Furthermore, we coherently generate and detect an acoustic phonon mode in the thin capping layer of FeTe, which clearly reveals a side-decay channel to the gluing bosons, hence explains the reduction of T c due to the protecting layer. Our results support the scenario of electron-phonon coupling. Figure 1 summarizes the normalized photo-induced transient differential reflectivity, recorded from the sample structure schematically illustrated in the inset (the detail of the growth procedure is described in Refs. 1, 6) . It can be seen that the scanning traces are composed of both increasing and decreasing components, whose amplitude and lifetime vary with temperature. Prominently, a hump is seen in the scan traces after the time-zero. The magnitude of the hump decreases and then increases as temperature rises up, showing a change around 70 K (inset of Fig. 1 ). This is related to the SC transition as discussed below. Our sample consists of only a single UC thick
FeSe film covered by 2UC thick capping layer of FeTe to prevent air contamination.
In our control experiment (Supplementary Information S1) we found that 2UC FeTe layer is of optimized thickness.
To identify phase transitions through ultrafast carrier dynamics, we map out the transient reflectivity as a function of both time and temperature in Fig. 2a . A few temperature regions can be seen, corresponding to different phases. Particularly, both the fast (at 0~2 ps, in white and purple colors) and slow (at > 2 ps, in red and blue colors) components show distinct changes around 68 K (Fig. 2a) . In ultrafast spectroscopy this corresponds to a change in carrier density and lifetime, intrinsically correlated to a phase transition. In Fig. 2b we show the integral of ΔR/R within the initial 1.4 ps (i.e. the fast component in Fig. 2a ) as a function of temperature. A clear decrease of the integral can be seen, which ends at 68 K (red dashed line in Fig. 2b ).
For ultrafast spectroscopy of cuprates, this corresponds to the SC T c . We further show a different (quantitative) data analysis below, which unambiguously demonstrates that this is a SC transition, with a high T c of 68 (+2/-5) K. (Fig. 3) . It can be seen that A slow abruptly decreases around 68 K (Fig. 3c) as temperature increases. Moreover a λ-shaped distinct change in τ slow is clearly seen at a slightly lower temperature than 68 K. The simultaneous observation of the two prominent changes strongly suggests a SC phase transition 13, 15, 16, 19 . Note that usually T c is slightly higher than the temperature corresponding to the λ-shaped lifetime singularity. Microscopically, the photo-excited quasi-particles far above the Fermi surface relax to right above the SC gap and form a quasi-equilibrium quantum mixture with the high frequency phonons (with E ph > 2Δ, where Δ is the SC gap). The balance between the formation and deformation of Cooper pairs evolve in a way dictated by the phonon population-the so-called phonon bottleneck effect. This effect is most directly observed using time-resolved ultrafast spectroscopy and is well described by the Rothwarf-Taylor model 18 . The effect we observe is reflected in Fig.   2a (long vertical blue stripe nearby the white line) and Fig. 3d (the large τ slow value around 60 K).
Quantitatively, we theoretically simulate the results in Fig. 3 by the model used by Kabanov et al. for a Cooper-pairing superconductor 13 . The gap-sensitive nature of the ultrafast dynamics is reflected, for an e-boson interacting system, through the temperature-dependent differential reflectivity as (1) we fit the data in Fig. 3c and find that the fitting curve for A slow has a sharp decrease ending at 68 K. As for other conventional, cuprate, and iron-based superconductors, this ending temperature is the T c of a SC phase transition 13, 16, 19 . In parallel, using the same model, the gap-dependent lifetime of the quasiparticles (and phonons in equilibrium) can be described as
where ω is the high frequency phonon frequency and Γ ω is the phonon linewidth.
With Eq. (2) we fit the τ slow data in Fig. 3d , which exhibits a λ-shaped singularity around 60 K. Multiple tries of the fitting parameters give a 63 K < T c < 70 K bound, with the best optimized value of T c = 68 K.
Simultaneously the above analysis yields 20 we calculate that ν = 43. This is also much higher than that for bulk FeSe 21 , 1.6~2. Therefore, it is understandable that higher N(0) and ν values lead to enhanced e-ph interaction (i.e. more electrons and phonons condense to the SC ground state), thus enhancing the T c .
Note that due to the oxygen vacancy induced (2×1) reconstruction at the FeSe-STO interface 22 , the interface unit cell assumes a complex form of Se 2 Sr 4 Ti 6 O 10 , which allows for 63 total optical phonon modes. This is more than the 12 modes for bulk perovskite STO and makes ν = 43 plausible.
We can directly obtain λ from the quasiparticle lifetime. The relaxation dynamics is determined by the e-ph coupling with To address whether phonon is the pairing glue and why a capping layer leads to the reduction of T c 11 , we investigate the effect of the capping layer. We prepared a separate sample of 10UC FeTe/STO, where we unambiguously generated and detected a coherent acoustic phonon mode 17, 24, 25 in the FeTe layer (Fig. 4a) . anharmonic decay of the optical phonons into acoustic phonons is both intrinsic and efficient 26 , thus likely plays a more crucial role. In Fig. 4c we schematically show in the momentum space the additional decay channel due to the FeTe acoustic phonon.
With such a scenario, corroborated by strong e-ph coupling addressed above, our observation of the acoustic phonon mode in the FeTe layer provides a reliable experimental support to the phonon-pairing mechanism. For example, it is consistent with the recent observation of the phonon replica 5 . Significantly, the anharmonic decay of the optical phonon into more channels of acoustic phonon modes will inevitably result in additional broadening of the phonon mode 26 , thus an associated less sharp SC transition. Comparing the two transport measurements in Ref. 1 and 7, this is exactly what has been observed.
Moreover, we note that in Fig. 4c the SC gap has a value that is very close to the bottom of the optical phonon dispersion. This lead us to speculate that: The minimum value of the optical phonon may be the underlining limit for the SC gap, with Besides, we have also performed power-dependence investigation ( Supplementary Information, S4 ), which indicates that the 1UC FeSe superconductor is nodeless 14 , being consistent with the observation in angle-resolved photoemission spectroscopy 28 . We ascribe the 103 K peak in Fig. 3d to the antiferromagnetic to paramagnetic phase transition of the FeTe layer ( Supplementary Information, S5 ).
And this demonstrates that our method is single-layer sensitive and might also apply to other interface investigations 29 .
Significantly, the T c value we have obtained from the current ultrafast dynamics investigation is the highest for 1UC FeSe samples with protecting layer. It is higher than those T c values obtained using other methods [1] [2] [3] [4] [5] [6] . This is because our method is non-invasive to the sample and single-layer sensitive. Without the capping layer, we expect that our ultrafast spectroscopy will give higher values of T c for an in situ measurement.
In concluding remark high temperature SC transition with T c = 68 (-5/+2) K has been observed in a 1UC FeSe/STO sample using ultrafast spectroscopy. This is the highest T c value observed in similar samples with capping layer. Gap energy of Δ(0)=3.2~3.7 k B T c is observed and strong e-ph coupling is identified with λ=0.48. Our observation of a coherent acoustic phonon mode in the FeTe capping layer explains why a capping layer reduces the T c value and suggests a phonon-pairing mechanism.
Furthermore, an optical phonon limit to SC gap and T c is proposed. Our experimental results support that phonon plays an essential role in this new high T c SC system and our investigation paves way for non-contact investigation of single-layer or interface quantum materials.
Methods
Time-resolved ultrafast spectroscopy experiment. Typical ultrafast spectroscopy experiment was carried out in the reflection geometry and with balanced detection.
Ultrafast laser pulses of 800 nm central wavelength, 96 fs pulse width, and 250 kHz repetition rate were used to investigate the ultrafast dynamics of the 1UC FeSe on insulating STO sample from 5 K to room temperature. The relatively low repetition rate is used to avoid steady state laser heating, while maintaining significant signal-to-noise ratio. We measured the differential reflectivity, ΔR/R, which is proportional to the excited state quasiparticle density in the sample. To avoid thermal effect due to laser heating, the pump and probe beam fluences were kept at 268 μJ/cm 2 and 30 μJ/cm 2 , respectively. Cross-polarization detection was implemented to further enhance the signal-to-noise ratio. STO sample, we have also observed identical acoustic phonon mode in another 2UC
FeTe on STO sample using the same experimental setup. The result is illustrated in The peak of τ slow around 103 K in Fig. 3d (light blue color stripe) has no corresponding amplitude decrease in Fig. 3c . Hence it is unlikely a SC transition. The 160 ps lifetime is nearly identical to that for the 10UC FeTe/STO sample (Fig. 4a ).
Hence we ascribe this peak to the carrier dynamics in the FeTe capping layer, which may correspond to the antiferromagnetic to paramagnetic phase transition. Even with such a strong background of FeTe, we have observed clear features of FeSe (see the negative component in Fig. S1 ). This manifests that our method is single-layer sensitive and might also apply to other interface investigations.
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